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Abstract 
Freestanding carbon nanotubes (CNTs) on cellulose–derived carbon films could be produced in one step by a chemical vapor 
deposition (CVD) method using nickel/nickel oxide (Ni/NiO) nanocomposite supported on the carbon film as a catalyst. Ethanol 
was used as a carbon source and nitrogen gas was used a carrier gas. The influence of synthesis temperature on the structural and 
electrochemical properties of the resulting CNTs on the carbon films was studied. The synthesized CNTs on the carbon films 
were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X–ray diffraction (XRD), 
Raman spectroscopy, and Bruneur–Emmet–Teller (BET) methods. From these investigations, the structure of the CNTs attached 
on the carbon film tends to become more graphitic upon the increase in the synthesis temperature. The electrochemical behaviors 
of the samples were determined by cyclic voltammetry (CV) and galvanostatic charge–discharge in a three-electrode cell. The 
CNTs grown on the carbon film at 600 qC provided the highest specific capacitance value (484.34 F/g) at the current density of 2 
A/g and the highest energy density of 46.34 Wh/kg at the power density of 0.83 kW/kg. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi 
(RMUTT). 
Keywords: Carbon nanotubes; carbon films; cellulose; chemical vapor deposition; supercapacitor 
 
 
* Corresponding author. Tel.: +66-34-219-363; fax: +66-34-219-363. 
E-mail address: kbussarin@yahoo.com, kbussarin@gmail.com 
© 2014 Elsevier Ltd. This is an open acce s article under the CC BY-NC-ND license 
(http://creativecommon .org/l censes/by-nc-nd/3.0/).
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi (RMUTT)
440   Witawat Singsang et al. /  Energy Procedia  56 ( 2014 )  439 – 447 
1. Introduction 
Supercapacitor is a new kind of energy storage device between conventional capacitor and secondary battery. The 
supercapacitors are classified into two types according to their electrochemical behavior: electrochemical double 
layer capacitors (EDLCs) and pseudo-capacitor or redox supercapacitor. There is much interest in EDLCs because of 
their quick response, excellent power density, long cycle life and an increase in energy storage due to the double 
capacitor layer effect [1]. The carbonaceous materials, such as activated carbon [2], graphene [3], carbon nanofibers 
[4] and carbon nanotubes [5] are the most frequently used materials as electrodes in EDLC devices. This is due to 
their high surface area to supply charge storage, high chemical and thermal stability, and excellent electrical 
conductivity. 
Among the carbonaceous materials, carbon nanotubes (CNTs) are a promising candidate for EDLC applications 
because of their high electrical conductivity, high mechanical strength for bending and more electrochemical 
stability compared with amorphous carbon [6]. The CNTs can be synthesized by different techniques, such as arc 
discharge [7], laser vaporization [8], pyrolysis [9], and chemical vapor deposition (CVD) [10]. The CVD method is 
the most efficient commercialization process for the synthesis of CNTs owing to its low cost, high purity products 
with high yields, and ease to be controlled [10,11]. A variety of carbon source materials are used for CVD-
synthesized CNTs, including methanol, ethanol, benzene and polymeric materials [12]. Transition metals and their 
alloys, such as iron, cobalt and nickel [13–15], were commonly used as catalyst. Metal catalysts provide a much 
better potential when supported. This is because particles of metal catalyst can be dispersed to a much higher degree, 
and hence are exposed to a larger amount of substrate molecules. Synthesis of CNTs using the supported metal 
particles or substrates, such as Ni on alumina particles, Ni on silica–alumina particles, Ni/Cr coated glass substrate, 
and stainless steel has been reported elsewhere [16–20]. Although several researchers have reported on the 
preparation of CNTs using the metal particles dispersed on support, efforts are still being made to grow CNTs 
directly on metallic substrates for resolving the problem of adhesion of CNTs layers and for fulfilling the 
requirement for substrate electroconductivity. However, either a high pressure process or two-step growth process 
were necessary in the growth of CNTs. In this work, cellulose film is used as a substrate. It is a renewable material 
and the most common source of biomass, which is not only low cost but also easy to convert into conductive carbon 
film.  Therefore, this study is aimed to report on a simple method to directly prepare the freestanding CNTs on 
cellulose–derived carbon films under ambient pressure. The effect of reaction temperature on the formation of CNTs 
on the carbon films was studied. Furthermore, the electrochemical performance of resultant CNTs on carbon films 
for supercapacitors was also investigated using aqueous electrolyte in a three-electrode system. 
2. Experimental details 
2.1. Sample preparation 
The synthesis of Ni/NiO catalyst was carried out according to our previous report [21]. Briefly, nitric acid 
(69.4%, J. T. Baker) was first added dropwise with stirring to 0.5 M Ni(NO3)2 (nickel (II) nitrate, 99.0%, Carlo 
Erba) in the mixture of methanol (96.0%, commercial grade) and ethylene glycol (99.5%, Carlo Erba) at the volume 
ratio of 30:70. The sample was then calcined at 500 qC for 5 h in ambient air. A 3% (w/v) cellulose solution was 
prepared by dissolving cotton wool balls in trifluoroacetic acid (99%, Acros Organics). The catalyst/cellulose 
composite films were prepared by a spin coating technique on a clean glass substrate at a spin rate of 1600 rpm for 5 
min. The catalyst/cellulose composite films were then peeled off from the glass substrates. The freestanding CNTs 
attached on the carbon films were synthesized using ethanol (95%, Union Intraco Co., Ltd.) as a carbon source and 
the above-described supported catalyst. The flow of nitrogen gas (0.83 ml/min.) through an ethanol bubbler was 
controlled for the growth of CNTs at different growth temperatures from 500 qC to 700 qC with the reaction time of 
3 h. 
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2.2. Characterization 
The morphologies of the obtained CNTs on carbon films were characterized by scanning electron microscopy 
(SEM, Hitachi, S-3400N) and transmission electron microscopy (TEM, JEOL JEM-2010). X-ray diffraction (XRD) 
data were collected on an automated Rigaku Miniflex II X-ray diffractometer at room temperature using 
monochromatic Cu KĮ radiation (Ȝ = 0.154 nm). Raman spectra of the samples were recorded with a Raman 
spectrometer (NTEGRA Spectra, NTMDT). The specific surface area measurement was performed using the 
Bruneur–Emmet–Teller analysis (BET, Autosorb-1, Quantachrome).  
The electrochemical behaviors of the samples were investigated using cyclic voltammetry (CV) and galvanostatic 
charge–discharge measurements on a potentiostat in a three-electrode cell with a liquid electrolyte of 1 M sulfuric 
acid (H2SO4) solution. An Ag/AgCl reference electrode and a platinum wire counter electrode were used. For the 
working electrode, the freestanding CNTs on carbon film coated with polymer were attached to stainless steel wire 
mesh (SUS 304) and dried. 
3. Results and discussion 
The morphologies of the CNTs on the carbon films synthesized at different reaction temperatures were examined 
by SEM and TEM techniques, the results of which are shown in Figs. 1 and 2. The long entangled CNTs were 
obtained in all temperature ranges of synthesis. The average diameters of the CNTs on the cellulose–derived carbon 
films are 72.7 ± 33.6, 111.9 ± 34.9 and 183.9 ± 52.0 nm at the synthesis temperature of 500 qC, 600 qC and 700 qC, 
respectively. The average diameters increased with the increase of reaction temperature due to larger crystallite size 
of nickel in the catalyst at elevated temperature, as seen in XRD results [12, 22]. Fig. 1(d) represents a cross-
sectional SEM image, showing that the CNT bundles are well attached on the carbon film. The TEM images of all 
the samples and high resolution TEM of a selected sample are shown in Fig. 2. The freestanding multi-walled CNTs 
attached on the cellulose–derived carbon films were obtained in a simple CVD system using ethanol as a carbon 
source. 
 
Fig. 1. SEM images of the CNTs on carbon films synthesized at temperature of (a) 500 qC, (b) 600 qC, (c) 700 qC, and (d) cross-sectional SEM 
image of the sample synthesized at 600 qC. 
 
The XRD patterns of the CNTs on carbon films grown at different reaction temperatures and of the synthesized 
Ni/NiO catalyst are demonstrated in Fig. 3. The diffraction peak at 26q for all the CNTs on carbon films synthesized 
at various temperatures appeared which coincides approximately with that of the (002) diffraction of graphite 
(JCPDS file no. 75–1621). 
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Fig. 2. TEM images of the CNTs on carbon films grown at temperature of (a) 500 qC, (b) 600 qC, (c) 700 qC, and (d) high resolution TEM image 
of the sample grown at 600 qC. 
 
As the reaction temperature increases, this diffraction peak tends to sharpen, indicating more graphitized 
structure of the CNTs [23–25]. Moreover, the line width of the (002) diffraction line gave an average crystallite 
thickness (Lc) of graphite structure calculated using Scherrer’s formula [26]. With an increment of reaction 
temperature, the Lc calculated increases from 3.4 nm of the CNTs synthesized at 500 qC to 9.4 nm of the sample 
synthesized at 700 qC. 
Furthermore, the XRD pattern of the synthesized catalyst shows the co-existence of the minor Ni phase with the 
major NiO phase in the prepared catalyst. The peaks at 37.2q, 43.3q, 62.9q, 75.4q, and 79.4q corresponded to (1 1 1), 
(2 0 0), (2 2 0), (3 1 1), and (2 2 2) diffractions of the face-centered cubic (fcc) NiO phase (JCPDS file no. 78–
0643), respectively. Additionally, the diffraction peaks at 44.5q, 51.5q, and 76.4q can be indexed to (1 1 1), (2 0 0), 
and (2 2 0) diffractions of fcc Ni phase (JCPDS file no. 01–087–0712). After the CVD process in all temperature 
conditions, no peaks corresponding to NiO could be detected. This might be because the reductive gases generated 
during the synthesis result in a much greater reduction of NiO to Ni [12, 21]. The crystallite sizes of the fcc Ni phase 
are 25.1, 38.2 and 41.4 nm at the reaction temperature of 500 qC, 600 qC and 700 qC, respectively. Moreover, two 
phase mixture of hexagonal close-packed (hcp) and fcc Ni was observed after the CNT syntheses probably due to 
the protection of the Ni nanoparticles with graphitic carbon. The diffraction peaks at 39.2q, 41.5q, 58.6q, and 71.2q 
corresponded with the four most intense peaks (0 1 0), (0 0 2), (0 1 2), and (1 1 0), respectively, of the hcp metallic 
nickel (JCPDS card no. 45–1027). 
Raman spectroscopy was employed to further characterize graphitization of the CNTs. Fig. 4 displays the Raman 
spectra of the CNTs on the carbon films synthesized at various reaction temperatures. Two strongest bands at 
approximately 1328 and 1595 cm-1 corresponded to D band and G band, respectively [10]. The D peak is ascribed to 
the structural defect sites in the hexagonal framework of CNT walls and disorder-induced peak. The G peak is 
attributed to an E2g mode of graphite, which is due to the sp2-bonded carbon atoms in a two-dimensional hexagonal 
graphitic layer. The intensity ratio of the D line (disordered peak) to the G line (graphitic peak) (R = ID/IG) 
represents the degree of disorder in graphite layer. As calculated from the spectra, the ID/IG ratio of the CNTs grown 
at 600 qC and 700 qC is less than 1.0 (0.89 and 0.80, respectively), indicating good crystallinity of the graphite 
 (a) (b) 
 (c) (d) 
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sheets. However the ID/IG ratio of the sample grown at 500 qC is 1.17, suggesting the higher level of defects or 
disorder structure [10]. This is in good agreement with the XRD results (Fig. 3). 
 
 
 
Fig. 3. XRD patterns of the CNTs on carbon films obtained at different temperatures and of the synthesized Ni/NiO catalyst. 
 
To investigate the electrochemical behavior of the CNTs on carbon films synthesized at various reaction 
temperatures as working electrode for supercapacitor, CV and galvanostatic charge–discharge tests were carried out 
in H2SO4 solution. The CV measurement was performed within the potential range of 0–0.8 V at a scan rate of 5 
mV/s. Fig. 5 depicts the CV curves of all the CNT samples at different reaction temperatures. The voltammograms 
are nearly square, and there is no evidence for any redox currents on both anodic and cathodic sweeps, indicating 
that all the samples have the typical behavior of EDLCs [27]. However, the larger area of CV curves for the sample 
grown at 600 qC means higher specific capacitance than those of the samples grown at 500 qC and 700 qC at the 
same scan rate. Wang et al. [28] also reported that amphiphilic carbonaceous material–based activated carbons with 
higher speci¿c capacitance showed larger area of CV curves due to their high specific surface area. 
 
 
 
 
Fig. 4. Raman spectra of the CNTs on carbon films grown at various reaction temperatures. 
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The galvanostatic charge–discharge technique was used to confirm the results obtained from CV analysis. Fig. 6 
shows the galvanostatic charge–discharge curves of all the CNTs samples at a constant current density of 2.0 A/g in 
the potential range from 0 to 0.8 V. It is clearly observed that the discharging time of the sample synthesized at    
600 qC is longer than those for the samples synthesized at 500 qC and 700 qC, respectively. 
 
 
 
Fig. 5. CV curves of the CNTs on carbon films synthesized at different temperatures (recorded in H2SO4 electrolyte solution at a scan rate of  
5 mV/s). 
 
The specific capacitance (Cm) can be calculated according to the corresponding galvanostatic discharge curves 
using the equation as follows [3]: 
 
mV
tICm '
'            (1) 
 
where Cm is the specific capacitance (F/g), I is the discharge current (A), 't is the discharge time (s), 'V is the 
voltage difference (V) and m is the mass of sample (g). 
The specific capacitance value, BET specific surface area and total pore volume of the CNTs on carbon films 
synthesized at different temperatures are reported in Table.1, showing a trend that the specific capacitances increase 
with increasing the specific surface area and pore volume. The galvanostatic charge–discharge results are consistent 
with the CV measurement. The successful growth of CNTs depends on both effective decomposition of the carbon 
source and formation of stable catalysts. The sample grown at 500 qC exhibits formation of tubular carbon structures 
in the form of nanotubes or nanofibers (Fig. 2(a)). That might be because the process temperature is too low to 
achieve effective decomposition of the precursor and adequate growth conditions [29]. The formation of nanotubes 
with more regular and straighter tubes was obtained at 600 qC (Fig. 2(b)). A further increase in synthesis 
temperature to 700 qC results in larger metal clusters, which could produce thicker CNTs with lower specific surface 
area [30]. The sample synthesized at 600 qC gave higher specific capacitance value than other samples. This is 
because the energy storage for EDLC is mainly based on accumulation of charge in the electric double layers 
formed at the interface region between an electrode and an electrolyte. Hence, specific capacity of EDLC depends 
significantly on the surface area of electrode material, that is consistent with the previous reports [27, 28, 31]. 
The effect of current density on the specific capacitance of the CNTs on carbon films grown at 600 qC is shown 
in the inset of Fig. 7. In general, the specific capacitance decreased gradually with increasing current density 
because of ohmic drop at high current density [32]. The maximum capacitance of 484.34 F/g is obtained at a current 
density of 2 A/g. The capacity retention is about 75% when the current density was increased from 1 to 4 A/g. Even 
when the current density was raised up to 6 A/g, the specific capacitance is still as high as 209.35 F/g 
(approximately 44 %). 
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Fig. 6. Galvanostatic charge–discharge curves of the CNTs on carbon films synthesized at different temperatures (measured at current density of 
2.0 A/g in H2SO4 electrolyte solution). 
 
Table 1. Specific capacitance, BET surface area and total pore volume of the CNTs on carbon films synthesized at 
different temperatures. 
Synthesis 
temperature (qC) 
Specific 
capacitance 
(F/g) 
BET specific surface 
area (m2/g) 
Total pore 
volume (cc/g) 
500 230.39 182.2 0.3823 
600 484.34 195.5 0.4645 
700 167.35 115.7 0.2893 
 
 
Energy density and power density of a supercapacitor electrode are essential parameters in determining the 
electrochemical performances. The energy density (E, Wh/kg) and power density (P, W/kg) of supercapacitor were 
calculated from the galvanostatic charge–discharge data at different current densities using the following equations 
[33]: 
 
 
36002
2
u
' VCE m            (2) 
 
t
EP              (3) 
 
where Cm is the specific capacitance (F/g), t is the discharge time (s) and 'V is the voltage difference (V). 
The Ragone plot (power density vs. energy density) is also demonstrated in Fig. 7. The energy density of the 
CNTs on carbon film synthesized at 600 qC reached 46.34 Wh/kg at a power density of 0.83 kW/kg and decreased 
gradually with increasing power density. These results are superior to those reported for nanoporous carbon from 
sunflower seed shells (less than 10 Wh/kg) [34]. Moreover, the sample maintains an energy density of 24.61 Wh/kg 
even at a high power density of 2.76 kW/kg, which is still higher than that of graphene–MnO2 hybrid materials 
(energy density of 10.03 Wh/kg at power density of 2.53 kW/kg) [33]. These observations suggest that the 
freestanding CNTs on cellulose-derived carbon films can be regarded as a potential electrode material for 
supercapacitor applications. 
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Fig. 7 Ragone plot of the CNTs on carbon film synthesized with 600 qC measured at different current densities in H2SO4 electrolyte solution. The 
inset shows dependence of specific capacitance on current density. 
4. Conclusion 
A facile approach for the fabrication of freestanding CNTs attached on cellulose–derived carbon films has been 
demonstrated. These hybrid electrodes exhibit high performance in a three-electrode cell. In electrochemical 
investigations, the synthesized electrodes present EDLC behavior, and there is a general trend of increased specific 
capacitance along with specific surface area. Among the different reaction temperatures of CNTs synthesis, the 
CNTs on carbon film synthesized at 600 qC offered high energy and power density as well as larger specific 
capacitance. The specific capacitance can achieve a maximum of 484.34 F/g at a current density of 2 A/g. Moreover, 
this obtained electrode also showed good rate capability; the specific capacitance decreased less than 25% (75% 
capacity retention) as the current density was increased from 1 to 4 A/g. The hybrid material of the CNTs attached 
on cellulose–derived carbon films, therefore, is a promising electrode material for electrochemical supercapacitors. 
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